Background {#Sec1}
==========

Body temperature measurement is a routine in the management of sick children for both parents and healthcare providers \[[@CR1], [@CR2]\]. An accurate diagnosis of fever is crucial in clinical practice \[[@CR3], [@CR4]\] and an inaccurate one could lead to serious complications and improper medical decisions \[[@CR3], [@CR5]\]. Core temperature is the gold standard for temperature measurement \[[@CR3]\]. However, core temperature measurements, such as pulmonary artery and lower esophagus measurement, are invasive and require specialized equipment, therefore, are unpractical for daily clinical practice \[[@CR3], [@CR6]\]. Ideally, body temperature measurement should be noninvasive, accurate, pain-free, cost-effective and time-efficient \[[@CR3], [@CR7], [@CR8]\].

Traditionally, non-invasive methods of body temperature measurement include rectal temperature, oral temperature and axillary temperature. Among these methods, rectal thermometry has been the most reliable for measuring body temperature in children and is considered clinically to be the best estimation of the core temperature \[[@CR9]\]. However, it is time-consuming and requires certain level of practice \[[@CR5], [@CR10]\]. Furthermore, it may cause emotional distress, and -although very rare- brings possible complications such as perforation or transmission of micro-organisms \[[@CR5], [@CR10]\]. And therefore infants, health workers and parents more or less express reluctance to perform it \[[@CR3]\].

The forehead skin thermometer (FST) and infrared tympanic thermometer (IRTT) are popular alternatives for the traditional measures. The FST uses a sensor probe to measure the amount of infrared heat produced by the temporal arteries \[[@CR8]\]. The IRTT detects the radiation of tympanic membrane and the ear canal, which share the blood supply with the hypothalamus, the thermoregulatory center of the human body \[[@CR11], [@CR12]\]. Both these two methods are safe, easy to use, comfortable and quick. But compared to the FST, the IRTT is more consistent with rectal temperature and is more convincing \[[@CR3], [@CR8], [@CR13]\]. Using the aural temperature is less traumatic and allows a faster triage \[[@CR14]\], but it has been debated for the low accuracy and reproducibility compared with other measurements \[[@CR1], [@CR14]--[@CR18]\]. Over the past years, however, the IRTT have been developed and updated, and some older versions have been obsolete. The new generation IRTT used various brand-specific ways to enhance accuracy, for example, improvements of geometry and algorithms, a wider angle measurement, displaying temperature on multiple samples and equipping with a heat probe \[[@CR11], [@CR19]\]. Synthesizing studies applying obsolete IRTT with the new ones is unreasonable and may underestimate the IRTT test accuracy. Furthermore, the cutoffs of the IRTT used in fever detection are diverse, and the optimal cut-off has no consensus. The cutoff means a temperature threshold that divides pediatric patients into fever and non-fever, and the diagnostic accuracy of IRTT various under different cutoffs \[[@CR3], [@CR13], [@CR20], [@CR21]\]. It is inappropriate to synthesize studies applying different cutoffs and the results are unreliable.

The aims of this systematic review were (1) to identify and quantify studies reporting the diagnostic accuracy of the new generation of the IRTT in children (By new generation, we meant the IRTT that were still in production and on sale according to the official websites of the manufacturers as we started our study); (2) to compare the sensitivity and specificity under different cutoffs of the IRTT and give the optimal cutoff.

Methods {#Sec2}
=======

Search strategies {#Sec3}
-----------------

The conduct of this systematic review and meta-analysis was based on the Test Accuracy Working Group of the Cochrane Collaboration and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy Studies statement (The PRISMA-DTA Statement) guidelines \[[@CR22], [@CR23]\]. A systematic literature search of multiple electronic databases (PubMed, Web of Science Core Collection, EMBASE) was conducted by two trained reviewers (D.S. and LY.Z.) independently from inception to February 2nd, 2019. The following search terms ((tympanic thermometer OR ear thermometer OR infrared thermometry OR ear thermometry OR tympanic scan OR tympanic temperature OR ear temperature OR infrared thermometer OR ear thermometer)) AND (pediatric OR child OR kid OR newborn OR baby OR infant OR toddler) in All Fields (PubMed, EMBASE) or Topic (Web of Science Core Collection) were used. The languages were restricted to English and species were restricted to humans. The bibliographies of included studies were also searched to identify additional studies.

Study selection {#Sec4}
---------------

Observational studies, detecting fever by aural and rectal thermometers, were deemed acceptable. Inclusion criterion included (1) studies recruiting pediatric subjects (age \< 18 years), (2) diagnostic test accuracy studies, (3) studies detecting fever by new generation IRTT, and (4) studies using rectal thermometers as the reference standard. Exclusion criterion included (1) studies unrelated to the accuracy of IRTT, (2) reviews, proceedings papers, meeting abstracts, letters, notes and editorial materials, and (3) studies lacking essential data.

Two reviewers (D.S. and LY.Z.) independently reviewed the titles and abstracts of these studies. Papers deemed to match the predefined inclusion criteria or without consensus were reviewed in full text. Disagreements were resolved through discussions and scientific consultations.

Quality assessment and data extraction {#Sec5}
--------------------------------------

We adopted the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2, \[[@CR24]\] for quality assessment and used Review Manager 5.3 for creating the figures of risk of bias and applicability concerns \[[@CR25]\]. Two independent reviewers (D.S. and LY.Z.) assessed the methodological quality of the included studies independently and disagreements were also resolved through discussions and scientific consultations.

The following data were extracted by two independent reviewers (D.S. and LY.Z) from the included studies: (1) descriptive aspects: primary author, year of publication, country, setting, age, types of tympanic thermometer and reference standard; (2) statistical aspects: the size, number of observations, the cut-off of tympanic thermometer, the True Positive (TP), the False Negative (FN), the False Positive (FP) and the True Negative (TN), sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV).

Statistical analysis {#Sec6}
--------------------

Meta-analyses of TP, FN, FP and TN were performed to compare the test accuracy between tympanic temperature and the gold standard (rectal temperature) by MetaDiSc 1.4 \[[@CR26]\]. Threshold analysis was conducted to evaluate the threshold effect \[[@CR27]\]. The inconsistency index (I^2^) test was used to estimate heterogeneity between studies and I^2^ \> 75% was considered to be with high heterogeneity \[[@CR28]\]. Data were synthesized by using the random-effects model which was recommended in pooled estimates of diagnostic meta-analyses \[[@CR29]\]. The area under the curve (AUC), Youden index and index Q\* were used to measure test accuracy \[[@CR30]--[@CR32]\].

Results {#Sec7}
=======

Selection process {#Sec8}
-----------------

Initially, 611, 468 and 276 articles were retrieved from PubMed, Web of Science Core Collection and EMBASE respectively. Secondly, 332 duplicates were removed. Thirdly, the titles and abstracts of the remaining 1023 articles were examined and 975 articles were excluded for diverse reasons. Finally, 11 articles were selected after the full text review and 1 article \[[@CR33]\] was added by reviewing references. The process and outcome of the literature selection are presented in detail in Fig. [1](#Fig1){ref-type="fig"}. Fig. 1Study flow diagram of study selection process

Risk of bias and applicability concerns in included studies {#Sec9}
-----------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"} and Fig. [3](#Fig3){ref-type="fig"} showed the risk of bias and applicability concerns in different domains. Among these 12 included articles, 4 had a high risk of bias on "flow and timing", "patient selection", "index test", and "reference standard", indicting the quality Methodological quality of included studies was moderate. Eight out of twelve studies had low applicability concerns in all domains and the applicability concerns was low. Fig. 2Outcomes of quality assessment of each included studies (by QUADAS-2)Fig. 3Overall quality assessment of included studies (by QUADAS-2): proportion of studies with low, unclear, and high risk of bias (left), and proportion of studies with low, unclear, and high concerns regarding applicability (right)

Characteristics of selected studies {#Sec10}
-----------------------------------

Twelve included studies were published from 2010 to 2018. All these studies applied the tympanic thermometer and set the rectal thermometer as reference standard. The descriptive and statistical characteristics of the 12 studies were presented in Table [1](#Tab1){ref-type="table"} and Table [2](#Tab2){ref-type="table"} respectively. Table 1Descriptive characteristics of including studiesStudiesYearCountrySettingAgeTympanic thermometerReference standardMogensen et al \[[@CR13]\]2018Denmarkpediatric emergency department0-18yBraun Welch Allyn Pro 4000 ThermoscanRectalParamita et al \[[@CR33]\]2017IndonesiaPediatric outpatient clinic/ pediatric emergency department/ inpatient pediatrics ward6 m-5yOMRON Gentle Temp 510RectalChatproedprai et al \[[@CR3]\]2016ThailandPediatric outpatient clinic0-2yMicrolife IR1DE1--1RectalAcikgoz et al \[[@CR30]\]2016Turkeypediatric emergency department3 m-3yGenius™ 2RectalAllegaert et al \[[@CR5]\]2014BelgiumPediatric wards2 m-17yGenius™ 2RectalTeller et al \[[@CR34]\]2014SwizerlandPediatric practice1 m-2yBraun Thermoscan 6022™RectalHamilton et al \[[@CR15]\]2014AmericaThe emergency department and the overflow patient treatment areas0-18yBraun Welch Allyn Pro 4000 ThermoscanRectalBatra et al \[[@CR29]\]2013IndiaThe pediatric emergency room2-12yEquinox infrared ear thermometer (EQ. ET 99)RectalDuru et al. \[[@CR31]\]2012NigeriaThe neonatal wards6.63 ± 6.98dBraun IRT 4520 ThermoscanRectalEdelu et al \[[@CR35]\]2011NigeriaPediatric outpatient clinic/ pediatric emergency department0-5yOMRON instant ear thermometer model MC-509 NRectalPaes et al \[[@CR8]\]2010NetherlandsThe pediatric ward0-18yThe FirstTemp Genius tympanic thermometer 3000ARectalOyakhirome et al \[[@CR32]\]2010GabonThe outpatient department0-10yBraun 6022 ThermoscanRectalTable 2Statistical characteristics of including studiesStudiesSampleCut-offTPFPFNTNSeSpPPVNPVMogensen et al \[[@CR13]\]99537.837276205279587839638.0350364356689949193Paramita et al \[[@CR33]\]9037.46514389636827337.564114119450857337.663115119350856937.76296139160876837.860681688739166Chatproedprai et al \[[@CR3]\]31237.01811722928984918137.612617710862999958Acikgoz et al \[[@CR30]\]35437.25163223313683868880Allegaert et al \[[@CR5]\]29438.050172722210010094Teller et al \[[@CR34]\]25438.0724281507297958437.69325712993847995Hamilton et al \[[@CR15]\]20538.0878610494939295Batra et al \[[@CR29]\]10038.049114998989898Duru et al \[[@CR31]\]30037.53431125276999397Edelu et al \[[@CR35]\]71037.83161039345899797909037.6334124173918977Paes et al \[[@CR8]\]10038.020257380979194Oyakhirome et al \[[@CR32]\]83538.03371911235775959476

Accuracy of tympanic thermometry in children under different cut-offs {#Sec11}
---------------------------------------------------------------------

The 12 studies involved 4639 children. The cut-off points were various. Among the included articles, 7 \[[@CR5], [@CR8], [@CR18], [@CR33]--[@CR36]\] studies set the optimal cut-off and the other 5 \[[@CR3], [@CR13], [@CR14], [@CR20], [@CR21]\] studies analyzed the diagnostic test accuracy of tympanic thermometry under different cut-offs. The range of the cut-off point was from 37.0 °C to 38.0 °C. Studies had data under same cut-off were synthesized.

Accuracy under the cut-off of 37.0 °C {#Sec12}
-------------------------------------

There was only one study \[[@CR3]\] reported diagnostic test accuracy under the cut-off 37.0 °C. In this study, for ear temperature (37.0 °C), sensitivity, specificity, PPV, and NPV were 0.89, 0.84, 0.91, and 0.81 respectively.

Accuracy under the cut-off of 37.25 °C {#Sec13}
--------------------------------------

Only one study \[[@CR34]\] gave the optimal cut-off 37.25 °C and sensitivity, specificity, PPV, and NPV were 0.83, 0.86, 0.88, and 0.80 respectively.

Accuracy under the cut-off of 37.4 °C {#Sec14}
-------------------------------------

There was only one study \[[@CR20]\] reported diagnostic test accuracy under the cut-off 37.4 °C. In this study, for ear temperature (37.4 °C), sensitivity, specificity, PPV, and NPV were 0.96, 0.36, 0.82, and 0.73 respectively.

Accuracy under the cut-off of 37.5 °C {#Sec15}
-------------------------------------

The cut-off 37.5 °C was used in 2 studies \[[@CR20], [@CR35]\] and a total of 390 pediatric patients were involved. The pooled sensitivity was 0.87 (95% CI 0.79--0.92) and heterogeneity between the articles was high: 87.5% (X^2^ = 8.02, *P* \< 0.05). The pooled specificity was 0.95 (95% CI 0.92--0.97) and heterogeneity between the articles was high: 97.9% (X^2^ = 47.74, *P* \< 0.05).

Accuracy under the cut-off of 37.6 °C {#Sec16}
-------------------------------------

The cut-off 37.6 °C was used in 4 studies \[[@CR3], [@CR13], [@CR20], [@CR21]\] and a total of 746 pediatric patients were involved. Spearman's correlation coefficient of sensitivity and specificity was 0.089 (*P* = .638) and the ROC plane showed no curvilinear trend, suggesting that there was no heterogeneity from threshold effect. The pooled sensitivity was 0.76 (95% CI 0.71--0.80) and heterogeneity between the articles was high: 94.3% (X^2^ = 53.04, *P* \< 0.05). The pooled specificity was 0.88 (95% CI 0.84--0.91) and heterogeneity between the articles was high: 92.9% (X^2^ = 42.22, P \< 0.05) (Fig. [4](#Fig4){ref-type="fig"}). The sROC AUC was 0.93 (SE = 0.02) while Q\* value was 0.86 (SE = 0.03). Fig. 4**a** The pooled sensitivity of tympanic Thermometry in Children under cut-off 37.6 °C. **b** The pooled specificity of tympanic Thermometry in Children under cut-off 37.6 °C. **c** The sROC Curve of tympanic Thermometry in Children under cut-off 37.6 °C

Accuracy under the cut-off of 37.7 °C {#Sec17}
-------------------------------------

There was only one study \[[@CR20]\] reported diagnostic test accuracy under the cut-off 37.7 °C. In this study, for ear temperature (37.7 °C), sensitivity, specificity, PPV, and NPV were 0.91, 0.60, 0.87, and 0.68 respectively.

Accuracy under the cut-off of 37.8 °C {#Sec18}
-------------------------------------

The cut-off 37.8 °C was used in 3 studies \[[@CR14], [@CR20], [@CR21]\] and a total of 1795 pediatric patients were involved. The threshold analysis (*r* = − 0.050, *P* = .667) and the ROC plane (Figure) suggested that there was no heterogeneity from threshold effect. The pooled sensitivity was 0.92 (95% CI 0.90--0.94) and heterogeneity between the articles was high: 80.1% (X^2^ = 10.07, *P* \< 0.05). The pooled specificity was 0.91 (95% CI 0.89--0.92) and heterogeneity between the articles was high: 94.5% (X^2^ = 36.68, *P* \< 0.05) (Fig. [5](#Fig5){ref-type="fig"}). The sROC AUC was 0.97 (SE = 0.02) while Q\* value was 0.91 (SE = 0.03). Fig. 5**a** The pooled sensitivity of tympanic Thermometry in Children under cut-off 37.8 °C **b** The pooled specificity of tympanic Thermometry in Children under cut-off 37.8 °C **c** The sROC Curve of tympanic Thermometry in Children under cut-off 37.8 °C

Accuracy under the cut-off of 38.0 °C {#Sec19}
-------------------------------------

The cut-off 38.0 °C was used in 7 studies \[[@CR5], [@CR8], [@CR13], [@CR14], [@CR18], [@CR33], [@CR36]\] and a total of 2783 pediatric patients were involved. The threshold analysis (r = 0.429, *P* = 0.337) and the ROC plane suggested that there was no heterogeneity from threshold effect. The pooled sensitivity was 0.81 (95% CI 0.79--0.84) and heterogeneity between the articles was high: 93.7% (X^2^ = 94.51, *P* \< 0.05). The pooled specificity was 0.96 (95% CI 0.95--0.97) and heterogeneity between the articles was high: 81.6% (X^2^ = 32.56, *P* \< 0.05) (Fig. [6](#Fig6){ref-type="fig"}). The sROC AUC was 0.97 (SE = 0.01) while Q\* value was 0.92 (SE = 0.01). Fig. 6**a** The pooled sensitivity of tympanic Thermometry in Children under cut-off 38.0 °C. **b** The pooled specificity of tympanic Thermometry in Children under cut-off 38.0 °C. **c** The sROC Curve of tympanic Thermometry in Children under cut-off 38.0

The diagnostic test accuracy of the tympanic thermometry under different Cut-offs in the detection of pediatric fever is summarized in Table [3](#Tab3){ref-type="table"}. The cut-off 37.8 is with the highest sROC AUC and Youden Index and is deemed to be the optimal cutoff. Table 3Accuracy of tympanic thermometry under different cutoffs in childrenCut-off(°C)NSenSpYouden IndexSROC-AUC37.031289840.73N37.2535483860.69N37.49096360.32N37.539087950.82N37.674676880.640.9337.79091600.51N37.8179592910.830.9738.0257880960.760.97

Discussion {#Sec20}
==========

We conducted this study to assess the discriminant validity of the new generation IRTT for detecting pediatric fever determined by rectal thermometry and to find the optimal cutoff. Twelve studies, including 4639 children, were included. The results indicated that IRTT was a good alternative for rectal thermometry in pediatric patients, and the optimal cut-off of ear temperature for screening fever in children was 37.8 °C. Under this cut-off, pooled sensitivity was 0.92 (95% CI 0.90--0.94), pooled specificity was 0.91 (95% CI 0.89--0.92), sROC AUC was 0.97 (SE = 0.02) and Q\* value was 0.91 (SE = 0.03).

One major strength of this study was that it estimated the test accuracy of new generation IRTT. Although the IRTT may provide a good alternative for traditional measurements, it has been debated for the low reproducibility. However, since the ear thermometer came out, it has been constantly updated and upgraded. Some techniques have been used to improve the test accuracy, such as the Braun Welch Allyn Pro 4000 Thermoscan, where a heating element in the sensor heats the probe tip to just below normal body temperature to avoid cooling the ear canal \[[@CR19]\]. And the improvements of geometry and algorithms have been developed to ensure that the displayed result reflects the tympanic temperature accurately \[[@CR11]\]. Hence, the newer versions of tympanic thermometers might meet the clinicians' requested improvements of repeatability in noninvasive temperature assessments. By new generation, we mean the IRTT that were still in production and on sale according to the official websites of the manufacturers as we started our study. We included the tympanic thermometers under use and excluded the outdated ones so that the results could provide a reference for current clinical practice.

Another strength of this study was that it estimated the test accuracy of new generation IRTT under different cutoffs. The synthesis of data under different cutoffs may underestimated the test accuracy of IRTT, because the diagnostic accuracy of IRTT varied under different cutoffs \[[@CR3], [@CR13], [@CR20], [@CR21]\]. The cutoffs of IRTT ranged from 37.0 °C to 38 °C among these 12 included studies. After the synthesis of three studies, including 1795 children, we found the optimal cut-off of tympanic thermometry is 37.8 °C. And under this cutoff, the pooled sensitivity was 0.92 (95% CI 0.90--0.94), pooled specificity was 0.91 (95% CI 0.89--0.92), sROC AUC was 0.97 (SE = 0.02) and Q\* value was 0.91 (SE = 0.03).

The diagnostic accuracy in this study under the optimal cutoff was far higher than a former systematic review \[[@CR27]\], in which pooled sensitivity was 0.70 (95% CI 0.68--0.72), pooled specificity was 0.86 (95% CI 0.85--0.88), sROC AUC was 0.94, and Q\* value was 0.87. Excluding articles applying obsolete tympanic thermometers and analyzing diagnostic test accuracy under different cut-offs may be the major reasons for this gap.

The 12 included studies are with high homogeneity, because they have the same study type, study population, reference standard and et al. And data were synthesized by using the random-effects model. What should be underlined is that the heterogeneity between the articles is very high, from 81.6 to 94.5%. The study population of included studies are all children, who age from 0 to 18-year-old. But the age groups are various, for example, Duru et al. \[[@CR35]\] admitted neonates whose mean age is 6.63 ± 6.98 days, while Allegaert et al. \[[@CR5]\] enrolled children with a median age of 3.2 years (range 0.02 years to 17 years). The variation of age groups may be the major contribution to the high heterogeneity and further studies focusing on different age groups are needed.

Although the results of our study can provide an important reference for subsequent researches and clinical applications, there are two limitations in our present study. We performed different sub-group meta-analyses based on the different cut-offs used. Unfortunately, in many of these analyses a limited number of studies are included. We concluded that 37.8 °C was the optimal cut-off just based on three studies, which seemed unconvincing. But considering that 1795 subjects were included for analysis under the cut-off 37.8 °C, the conclusion was much more convincing.

According to the findings, ear canal temperature can be confidently implemented as a screening measure in the pediatric fever detection. This application of IRTT would effectively decrease the number of children who require the rectal temperature method for fever detection \[[@CR7]\]. However, there are some situations, such as uncertain diagnosis \[[@CR7]\], during exercise \[[@CR37], [@CR38]\], change of environmental temperatures \[[@CR39]\], that tympanic temperature should not be used as a surrogate for rectal temperature.

Conclusion {#Sec21}
==========

Tympanic thermometry has a high diagnostic accuracy and is a good alternative for temperature screening in pediatric patients. The optimal cut-off of ear temperature for screening fever in children is 37.8 °C. Tympanic thermometry may not be an alternative for rectal temperature after intense exercise or exertion heat stroke.
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